Research in therapeutics of neuropsychiatric disorders is increasingly focusing on drugs with new mechanisms of action, and such agents are often assessed in preclinical studies using nonhuman primates. However, researchers lack a standardized method to compare distinct drugs for common adverse effects on the nervous system. We have developed a new scale for this purpose, named "Drug Effects on the Nervous System" (DENS), and here tested its utility in an analysis of the second-generation antipsychotic risperidone in monkeys. Behavioral effects of risperidone over a ten-fold clinically relevant exposure range were rated with the DENS scale and compared with a standard motor disability scale for primates. Ratings were correlated with projected D 2 and 5-HT 2A receptor occupancy over time. The DENS scale detected dose-dependent side effects of risperidone involving various functions of the nervous system (cognitive, sensorimotor and autonomic functions) and, thus, beyond the motor effects detected with the motor disability scale. A consistent temporal association of DENS scale changes with projected D 2 receptor occupancy was observed, and DENS scale ratings demonstrated high inter-rater reliability. These results demonstrate the usefulness of the DENS scale as a highly sensitive, reliable and accurate method to identify common adverse effects of risperidone and potentially other neurotropics for translational studies in primates.
Introduction
It is widely recognized that there is a need for mechanistically novel drugs to treat neuropsychiatric disorders (Fibiger, 2012; Hyman, 2012) , and the assessment of drug candidates typically depends on preclinical tests in nonhuman primates. Translational studies in primates may be used to evaluate the safety and side-effect profile of exploratory molecules prior to their Phase 1 clinical trials (Kola and Landis, 2004) . Drugs with new mechanisms of action may be expected to have unique adverse effects on the nervous system, from sedation or excitation to various cognitive, motor and autonomic symptoms. However, the side-effect assessment of neurotropic drugs has been inconsistent in primate studies due to the lack of standardized measures for this purpose. With the exception of extrapyramidal effects such as those produced by dopamine D 2 receptor antagonists that can be assessed efficiently with the available scales for primate models of Parkinson's disease (Papa et al., 2004; Papa and Chase, 1996) , other effects of these agents on the nervous system are usually not quantified. Therefore, the development of new neurotropic drugs typically fails to achieve a clear understanding and full assessment of adverse effects in the preclinical phases.
We have developed a scale to measure behavioral "Drug Effects on the Nervous System" (DENS) in nonhuman primates based on the most common side effects of neurotropics (i.e.: drugs with effects on the CNS that are used for a variety of neurologic and psychiatric disorders) that can be readily assessed in the monkey. To test the usefulness of this new scale, we assessed the behavioral effects of the second-generation antipsychotic risperidone (Risperdal®) across a clinically relevant ten-fold exposure range and with temporal correlation to projected D 2 and 5-HT 2A receptor occupancy. Classic antipsychotics have significant side effects on the cognitive and sensorimotor systems in patients (Day et al., 1995; Lingjaerde et al., 1987) , and recent studies have reported that atypical antipsychotics can also produce the same motor side effects, i.e.: the development of parkinsonian motor deficits and dyskinesias (Casey, 1996; Stip, 2000) . Risperidone was chosen for this analysis because its profile of motor and non-motor behavioral effects is well documented in humans (De Deyn et al., 1999) . As expected, risperidone produced a number of effects that were captured by the DENS scale ratings. A standard motor disability scale was also used to assess risperidone effects, and the comparison of measurements between scales allowed us to determine the sensitivity of the DENS scale. Altogether, results demonstrated that the newly developed scale DENS is an accurate and sensitive tool to evaluate typical side effects of risperidone in primates, and the newly described scale can now be further tested with a variety of other neurotropic agents.
Materials and Methods

Pharmacokinetic Studies and Projection of Receptor Occupancy
Pharmacokinetics-Studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Resources, 1996) using a protocol reviewed and approved by the Pfizer Worldwide Research and Development Institutional Animal Care and Use Committee (Groton, CT). Single doses (0.01 or 0.1 mg/kg, s.c.) of risperidone (Sigma-Aldrich, St. Louis, MO) in 0.1% 1 N HCl in saline (pH 5) were administered (0.1 ml/kg) to macaques (Macaca fascicularis, N=1/gender/dose, 7 to 9 kg).
Blood samples were obtained via a vascular access port just before dosing and at 0.25, 0.5, 0.75, 1, 1.5, 2, 4 and 6 h post-injection following standard procedures. Monkeys were continuously monitored for any readily apparent adverse events by trained laboratory personnel for up to 6 h following dosing. Collected plasma samples were stored at −20 °C until processing for bioanalysis.
Receptor occupancy projections-Due to the metabolism of risperidone to an active metabolite (9-hydroxyrisperidone) (Schotte et al., 1996) , both risperidone and 9hydroxyrisperidone were quantified in plasma samples using a published bioanalytical method (Doran et al., 2012) . To account fully for both active molecules pharmacologically throughout the DENS assessment, the total plasma compound concentration in the monkeys (C p ) for both risperidone and 9-hydroxyrisperidone at each pharmacokinetic sampling time point were converted to a projected total receptor occupancy (RO) at both D 2 and 5-HT 2A receptors. This was accomplished by first converting C p to a projected unbound brain compound concentration (C b,u ) using the respective compound's molecular weight (MW; risperidone (411 ng/nmol), 9-hydroxyrisperidone (427 ng/nmol)), fraction unbound in plasma (f u,p ; risperidone (0.0840) and 9-hydroxyrisperidone (0.185)), unbound brain compound concentration-to-unbound plasma compound concentration ratio (C b,u :C p,u ; risperidone (0.89), 9-hydroxyrisperidone (0.19)) (Doran et al., 2012) , and Eq. 1: (1) Subsequently, the fraction of D 2 or 5-HT 2A receptors occupied exclusively by either risperidone (FRO Risp ) or 9-hydroxyrisperidone (FRO 9-OHRisp ) were calculated using respective projected C b,u (via Eq. 1), the reported (Schotte et al., 1996) human binding affinity (K i ) for D 2 (risperidone (5.9 nM), 9-hydroxyrisperidone (4.8 nM)) or 5-HT 2A (risperidone (0.52 nM), 9-hydroxyrisperidone (1.0 nM)), and Eq. 2 (Shaffer, 2010) :
(2) Lastly, total D 2 or 5-HT 2A receptor occupancy (RO) accounting for both active entities was calculated using FRO Risp and FRO 9-OHRisp (via Eq. 2) and Eq. 3 (Venkatakrishnan et al., 2007) :
(3)
Behavioral Studies
Animals and risperidone tests-We used for behavioral studies 4 macaques (Macaca Mulatta), one male and three females, all adults 5 to 8 kg. Monkeys were kept in controlled housing conditions with free access to food and water. All studies were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals (ILAR, 1996) , and approved by the Institutional Animal Care and Use Committee. The dose range of risperidone (Sigma-Aldrich) selected for the experiments (0.01, 0.032, 0.1 mg/kg) was based on previous primate studies where 0.01 mg/kg, i.m. induced measurable behavioral changes in Cebus monkeys (Casey, 1996) . Risperidone was dissolved in distilled water and administered subcutaneously. The corresponding vehicle injections were used in control experiments. Animals were evaluated for baseline behavior before drug administration on each testing day. After s.c. injection (time 0), animals were evaluated starting at 30 min and continued thereafter every 20 min until either 170 min or the animal returned to its baseline scores. All tests were performed in the morning after an overnight fast, and under the same environmental conditions. Each test was repeated three times, and data were averaged to yield a mean from three data points for each risperidone dose in each monkey for statistical analysis.
Behavioral assessment-The new scale was developed to evaluate in the monkey side effects commonly induced by antipsychotics and other drugs with actions on the nervous system. This new scale was named "Drug Effects on the Nervous System" (DENS), and is composed of three categories, namely, cortical, extrapyramidal motor and autonomic functions. Extrapyramidal function included only two items because extensive evaluation of parkinsonism can be performed using the specific scales for motor disability. The inclusion here of involuntary movements (dyskinesias) was based on their frequent occurrence even in the absence of parkinsonian disability. Eye movements can also serve as an indication of minimal extrapyramidal compromise although sedation may also affect them, and thus this item needs to be interpreted together with the scores obtained for cortical function. The individual items of the DENS scale and their detailed rating are:
-
Cortical Function:
1. Attentiveness (The animal attention to the environment was assessed as: Attentive/Active = 0, Less Attentive/Less Active = 1, Not Attentive/ Inactive = 2) 2. 2) Reactivity (Animal responds to touch of the cage or the animal's body by threatening or trying to reach the examiner = 0, Animal only responds by looking at the examiner = 1, Lack of responses = 2, Animal appears sleepy, eyelids drooping, somnolence = 3) -Extrapyramidal Motor Function:
1. Eye Movement (Frequent blinking/normal eye movement = 0, Less frequent blinking/reduced or slow eye movement = 1, Very infrequent blinking, fixed eyes = 2) 2. Involuntary movements (Absent = 0, Mild = 1, Moderate = 2, Severe = 3) -Autonomic Function:
1. Salivation (Normal salivation = 0, increased salivation with some dribbling = 1, Drooling = 2) 2. Upper GI (gastrointestinal) tract function (Normal appetite and interests in treats and rewards = 0, Decreased interest in food, the animal needs to be highly encouraged to take rewards = 1, No interest in any rewards, the animal is nauseated or vomiting = 2) 3. Lower GI tract function (No defecation or formed stool = 0, A large amount of stool or softer stool = 1, Diarrhea = 2) 4. Urinary function (One or two urine spots on cage pan = 0, Frequent urination = 1, Very frequent urination = 2)
Total range of DENS score is 0 to 18.
Opposite autonomic effects on lower GI function (diminished bowel movements, chronic constipation), and urinary function (urinary retention) that can be caused by drugs with CNS effects (e.g. anticholinergic effects) were not included in this scale because they cannot be accurately assessed after acute drug injections.
The behavioral effects of risperidone were assessed with the new scale DENS and the standardized Motor Disability Scale for MPTP-treated monkeys (Papa and Chase, 1996) for comparison. The two scales were applied simultaneously in each drug test. Scoring using both scales was done by direct examination with the examiner blinded to the treatment. Animals were also videotaped for deferred scoring by another blinded examiner. Videotapes were taken in all tests and kept unlabeled for scoring. To assess the reliability of the DENS scale, the inter-rater variability was determined comparing results obtained with the two blinded examiners (Gwet, 2008) . For this analysis, videotapes of tests from all animals were scored at four time points: 50, 90, 130 and 170 min. The second examiner scoring the videotapes was fully trained to evaluate behaviors of normal monkeys, and was not involved in the direct examination of the animals.
Statistical analysis
Total scores of DENS and motor disability scores (MDS) were graded within wide ranges, and scale items that were analyzed individually included non-integer values; thus, data formed continuous variables. Two-factor analysis of variance (ANOVA) for repeated measures followed by the Tukey post-hoc test was used to compare data in behavioral tests. Statistical comparisons to establish inter-rater reliability were performed using Student's paired t-test. The significance level was set at p < 0.05. All results are expressed as mean ± S.E.M.
Results
Pharmacokinetics and Receptor Occupancy
In macaques, risperidone and 9-hydroxyrisperidone exposure-time relationships were essentially linear with risperidone dose suggesting stationary pharmacokinetics and consistent compound absorption from the injection site across the behaviorally evaluated ten-fold dose range. Due to this linear exposure-dose relationship, the RO versus time plot for the 0.032 mg/kg, s.c. dose used projected active moiety C p that were linearly extrapolated from the respective C p (for both risperidone and 9-hydroxyrisperidone) determined from the 0.1 mg/kg, s.c. dose. Figure 1 The projected risperidone D 2 RO falls below 70% by 4 h after administration of 0.032 mg/ kg s.c. in parallel with the end of behavioral effects detected with the DENS and the motor disability scales. In contrast, the projected risperidone 5-HT 2A RO remains above 80% by 6 h after administration of 0.032 mg/kg s.c. when no behavioral effects were detected. The lack of prolonged motor effects at this dose of risperidone may suggest that 5HT 2 A receptor blockade is not involved in the motor effects of antipsychotics; however, this needs to be further examined with appropriate tests of agents with different sensitivity for the 5HT 2 A receptor. Furthermore, the lowest risperidone dose (0.01 mg/kg, s.c.) that had no apparent effects on the DENS and motor disability scale items was associated with projected D 2 RO below 45%, but 5-HT 2A RO above 70% for up to 2 h post-injection (Figure 1) .
Behavioral Effects
DENS scale-Risperidone had effects on the nervous system predominantly involving motor and autonomic functions that could be evaluated thoroughly with the new DENS scale (Figure 2A ). Total scores were mainly composed of cognitive items (attentiveness and reactivity), eye movement, involuntary movements and salivation (Figure 3 ). Attentiveness and reactivity revealed some sedative effects of risperidone, although these effects did not dominate the monkey's behavior. Most animals had clear extrapyramidal symptoms that were expressed in other items of the scale by parkinsonism (eye movements and salivation) and involuntary movements. Specific symptoms of parkinsonism were extensively evaluated by the motor disability scale (see below). In all monkeys, risperidone induced involuntary movements that were predominantly choreodystonic oral dyskinesias ( Figure 3 ) as peakdose effects disappeared 190 min after drug injection. A clear dose-response relationship was obtained with the DENS scale for total scores and individual items indicating accuracy of measurements of drug effects.
Motor disability scale-The comparison of results obtained with the DENS and motor disability scales provided a correlation of measurements using a well-established scale for parkinsonian motor deficits that may be produced by varied antipsychotics including risperidone. The motor disability scale is composed of items that specifically score bradykinesia and other parkinsonian symptoms (posture, gait, mobility, hand movement, leg movement, climbing, tremor, etc.) (Papa et al., 2004; Papa and Chase, 1996) At 0.032 and 0.1 mg/kg, risperidone induced clear parkinsonian motor disability ( Figure 2B ). The correspondence of risperidone dose-dependent effects between parkinsonian symptoms and other CNS effects assessed in the DENS scale (including other extrapyramidal effects such as involuntary movements, salivation, etc.) provide further evidence for the accuracy of results obtained with this newly developed scale. In addition, the DENS scale identified dose-dependent sedative effects that are common problems of psychotropics.
Inter-rater reliability-The results obtained by two independent evaluators indicated high inter-rater agreement and reliability. The two independent examiners scoring the animals were blind to the treatments and had no knowledge of the scores assigned by each other. There was no significant difference in scores between raters in either test of the dually evaluated doses (i.e. 0.032 and 0.1 mg/kg, s.c.). A similar correlation of scores between the two raters was found in analysis of the total ( Figure 4A ) and individual item values ( Figure  4B -D) of the DENS scale (p > 0.05 for differences between scores of the same time).
Discussion
The application of the DENS scale to assess the side effects of risperidone in monkeys successfully produced dose-response curves of common side effects on the nervous system and data that correlated well with a standardized primate scale for motor disability. Additionally, the inter-rater reliability of results was high, and the analysis showed score agreement between raters plus consistency within raters. The reproducibility was maintained on re-testing, and results of the same order were obtained when examiners rated a different dose and throughout time intervals. The DENS scale, thus, evidenced robust measuring properties and high inter-rater reliability. The accuracy of temporally drug-induced behavioral changes was confirmed by projected D 2 RO of ≥70% resulting in DENS effects, which are primarily mediated by D 2 antagonism. Therefore, the DENS scale has proven highly sensitive, reliable and accurate to detect side effects of risperidone, and these data indicate the potential of the scale to be used widely to profile new neurotropic agents preclinically in primates. Further tests of the DENS scale using other drugs and comparatives measurements are needed to validate the scale as a method for widespread application.
Risperidone (0.025-0.2 mg/kg, p.o.) has been reported to induce dose-related dystonia in primates (Casey, 1993; Kumar et al., 2003) , similar to the choreodystonic dyskinesias found here. However, other side effects in monkeys have not been reported. The application of the DENS scale was useful to document such effects. Total DENS scores in these tests of risperidone derived mostly from items such as involuntary movements, eye movement, and salivation. Attentiveness and reactivity contributed the least to the total DENS scores indicating that sedation was a minor effect of risperidone at the tested doses. These results are consistent with previous reports of little sedation induced by risepridone in primates (Casey, 1996; Kumar et al., 2003) . Also in agreement, clinical studies have shown that the major effects of risperidone at therapeutic doses are not attributable to sedation (De Deyn et al., 1999) . In this context of minor sedative effects, the observed reduced eye/eyelid movement that can be affected by both conditions (sedation and parkinsonism), is probably expressing more of the underlying extrapyramidal compromise with risperidone. Thus, results obtained with the DENS scale clearly indicate that the tested risperidone doses produce slight sedation but significant extrapyramidal side effects. Notably, a large number of drugs, antipsychotics and other psychotropics, can produce more significant sedation underscoring the importance of items such as attentiveness and reactivity in a primate scale for common side effects on the nervous system. Chronic administration of risperidone was not tested here, and that is necessary to determine if the sensitivity of the DENS scale to detect symptoms of both cortical and extrapyramidal dysfunction could also be useful to assess the evolution of side effects over prolonged drug treatment. The DENS scale was designed with a primary focus on common, major changes in brain functions that are seen after administration of psychotropic drugs to monkeys. The important feature of this method for assessments of drug effects in monkeys is the inclusiveness of various nervous system functions while keeping simplicity in data collection, as shown by the selection of items that can be readily assessed in monkeys.
The effects of risperidone measured with both DENS and motor disability scales were observed at doses (0.032 and 0.1 mg/kg, s.c.) projected to produce D 2 RO ≥70%. This is consistent with the clinical data obtained with PET imaging showing that risperidone treatment induces extrapyramidal side effects with D 2 RO ≥70% (Nyberg et al., 1999) . In contrast, there was essentially no effect of risperidone at the dose of 0.01 mg/kg, despite the fact that this dose was projected to produce a maximal 5-HT 2A RO of 93%. This lack of effect at the low risperidone dose is consistent with clinical observations that 5-HT 2A antagonists produce few overt side effects despite the fact that such agents may impact sleep quality (Landolt and Wehrle, 2009; Terry et al., 2005) . Therefore, the DENS scale appears sensitive and accurate to detect both the presence and absence of side effects of neurotropics in primates.
The presented data, including the inter-rater reliability and the pharmacokinetic data, describe the DENS scale as a useful tool for drug safety studies involving nervous system functions in primates. This new scale is intended to provide a rapid and reliable method for identifying the neurological adverse effects of a new drug. However, the scale was not developed as a method to assess thoroughly specific drug effects in the monkey that may require complex tests using various paradigms or tasks. As a general and elemental tool, the DENS scale needs yet to be validated, but the present data suggest that it could potentially be extensively applied and demonstrated valuable for screening toxic neurological drug effects in primates. Similar to the value of the Mini-Mental State Examination (MMSE) (Folstein et al., 1975; Koch et al., 2005) , which is used as a "screening test" for cognitive deficits in clinical studies, the DENS scale also provides a primary approach to identify drug effects that may then require complete assessment with more complex techniques in monkeys. Further experience with a variety of drug tests may lead to refinements and improvements of the newly developed DENS scale that has shown to be a sensitive and reliable method in this study.
Highlights
• We described a new scale to assess adverse drug effects on the nervous system in primates.
• We compared the new scale with a classic motor scale.
• Behavioral data were temporally correlated to the projected receptor occupancy.
• The new scale is accurate and sensitive to assess common side effects of neurotropics.
Figure 1.
Projected D 2 (panel A) and 5-HT 2A (panel B) receptor occupancy following a single subcutaneous injection of risperidone in monkeys. Data corresponding to the 0.032 mg/kg dose was generated by linear extrapolation of the pharmacokinetic data obtained with the other two doses (0.01 and 0.1 mg/kg; each tested in two monkeys). Each data point is the respective projected receptor occupancy calculated from the averaged (n=2) total plasma risperidone and 9-hydroxyrisperidone concentrations for the specific time point (0.25, 0.5, 0.75, 1, 1.5, 2, 4 and 6 h). Inter-rater reliability with the DENS scale. A. Total DENS, B . Attentiveness, C. Reactivity, and D. Dyskinesias. Comparisons between two blind raters included tests of two doses of risperidone (0.0316 mg/kg, Low Dose; 0.1 mg/kg, High Dose). Data obtained by the first examiner (Rater 1) for a given time point and dose were compared with the corresponding data obtained by the second examiner (Rater 2). Differences between the raters were not significant (p > 0.05, Paired t-test). Data points are mean (n = 4) ± SEM.
